The secretion of a Serratia marcescens nuclease was followed by fermentation with Escherichia coli. A plasmid, p403-SD2, carrying a 1.3-kilobase-pair insert with a 0.4-kilobase-pair region upstream of the nuclease gene caused a growth-phase-regulated expression of nuclease in E. coli in the same way as that seen in S. marcescens. Deletion of the regulatory gene generating plasmid p403-Rsal resulted in a constitutive expression of the nuclease. Anaerobiosis stimulated the expression from p403-SD2 in stationary growth phase by a factor of 10 compared with expression stimulated by cultivation in aerobic conditions; no such effect was found for plasmid p403-Rsal. Different nutritional factors caused the expression level and the amount of extracellular nuclease to vary more when nuclease was expressed from plasmid p403-SD2 than when it was expressed from plasmid p403-Rsal. A correlation between the regulatory gene and the extracellular secretion of nuclease is proposed.
The extracellular secretion of proteins from Escherichia coli has been studied extensively, because of the growing interest in producing rDNA pharmaceuticals (11, 13) .
The secretion of recombinant proteins across the cytoplasmic membrane to the periplasmic space of E. coli cells has been performed by means of signal peptides of various origins (1, 5, 12, 15) . So far, extracellular location of the proteins has been achieved only in cases when cell lysis or cell leakage has taken place (12, 15) or when the expression system of protein A from Staphylococcus aureus has been used (1) .
However, it has been shown that E. coli cells can secrete various extracellular enzymes of Serratia marcescens to the surrounding medium (3, 8, 10, 16) . Further studies of the secretion of the enzyme nuclease have shown that cultivation conditions, such as aeration, pH, and the choice of host strain, greatly affect the amount of extracellular nuclease produced (7, 10) . It has been proposed that the presence of a regulatory gene is required for efficient expression of nuclease from its own promoter. However, it is uncertain whether a regulatory gene exists and whether it has any connection to the extracellular secretion.
As an approach to the study of the secretion of proteins by E. coli, we examined by fermentation the regulatory influence of a noncoding region upstream from the nucleasecoding gene upon expression and secretion of the enzyme nuclease. Plasmids carrying a 1.3-kilobase-pair insert isolated from S. marcescens having a 0.4-kilobase-pair noncoding region upstream from the nuclease gene were examined. At first, we confirmed the secretion patterns of the enzyme by S. marcescens with and without plasmid in shake flasks and then performed a thorough study of the secretion by E. coli in fermentors. Furthermore, the effect of the regulated region on the secretion was examined by deleting this region in the plasmid p403-SD2, generating the plasmid p403-Rsal. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and plasmids. S. marcescens W280 was obtained from U. Winkler. E. coli MT102 (hsdR), a derivative of MC1000, was used as a host (7) . Plasmid p403-SD2, constructed from pGV403 (no. RPN 1252; Amersham International plc, Little Chalfont, Bucks., United Kingdom), had a 1,300-base-pair DNA insert isolated from the S. marcescens genome (5) . The insert consists of a region with an open reading frame of 798 base pairs encoding the enzyme nuclease and its signal peptide (2; S. Molin, M. Givskov, and E. Riise, international patent WO 8606743 Al). Plasmid pSM602 was constructed from plasmid pRFS1010 and had the same 1,300-kilobase-pair insert. Plasmid p403-Rsal was constructed in the same way as p403-SD2 after the insert had been cleaved with the restriction enzyme RsaI between positions 92 and 93 in the nucleotide sequence of Ball et al. (3) , whereby a sequence of 356 base pairs upstream of the nuclease gene was deleted. Transformants of MT102 and p403-SD2 or p403-Rsal were resistant to chloramphenicol, and W280 carrying the plasmid pSM602 was resistant to kanamycin. All strains were stored in 15% (vollvol) glycerol at -800C.
Growth conditions. The two S. marcescens strains were each cultivated in two Erlenmeyer shake flasks (500 ml) with two baffles containing 100 ml of Luria-Bertani broth (5) (Difco) and Luria-Bertani agar (Difco) were analyzed as previously described (7).
Releasing method and enzyme assay. Periplasmic nuclease was released by sonication as previously described (4). Sonication was chosen instead of osmotic shock treatment because it is easier to perform and approximately the same amounts of nuclease are released by the two methods. Nuclease activity was measured with a calf thymus DNA (no. 18560, Serva, Heidelberg, Federal Republic of Germany) substrate, as previously described (7, 14) . The specific activity of nuclease has been determined as 4.0 x 104 U/mg (5).
RESULTS
The secretion profiles of nuclease by S. marcescens and E. coli during 24 h of cultivation are shown in Fig. 1 and 2 . It appears from a previous study by Nestle and Roberts (14) that nuclease was produced nonconstitutively and secreted to the medium by S. marcescens. This we wanted to confirm by cultivations in shake flasks by adding measurements of cell-bound nuclease. It was seen that nuclease was secreted to the medium by S. marcescens W280, and only a small amount of nuclease activity was measured in the cells. When S. marcescens additionally carried plasmid pSM602, the production of nuclease more than doubled and more of the enzyme accumulated in the periplasm at the beginning of production (Fig. 1) .
The fermentor studies of E. coli carrying plasmid p403-SD2 with the large insert from S. marcescens demonstrated that nuclease was also secreted extracellularly by E. coli, but it is seen from Fig. 2A that the same amount of enzyme accumulated in the periplasm as that secreted by W280(pSM602). After 24 h of growth, 67% of the measured nuclease activity was found extracellularly. When E. coli was cultivated with plasmid p403-Rsal (having most of the noncoding region upstream of the nuclease gene deleted), less nuclease was produced, corresponding to 50% of the amount produced by means of the plasmid with the intact insert, and only 25% of the enzyme activity was found extracellularly (Fig. 2) . No plasmid-free cells were measured in any of the fermentations.
The cell growth and total amounts of secreted nuclease from both microorganisms are shown in Fig. 3 and 4 . An induction of the synthesis of nuclease by both S. marcescens and E. coli was seen to occur, except when E. coli was carrying the plasmid p403-Rsal. The influence upon the yield of extracellular enzyme. In order to examine a possible effect on the expression of cultivations having low levels of dissolved oxygen, E. coli with plasmid p403-SD2 was cultivated with reduced aeration (Fig. 5) . It was seen that the synthesis started after the exponential growth phase, when the cell growth declined. However, the synthesis continued during the stationary growth phase, and ca. 10 times more enzyme was produced than was produced under aerobic cultivation conditions in the same medium. However, 67% of the nuclease produced was still in the periplasm after 48 h of growth at the cultivation conditions chosen. The same cultivation was performed with E. coli carrying plasmid p403-Rsal. However, the synthesis of nuclease from p403-Rsal was not affected in the same way. Nuclease activity increased a little, and more enzyme was produced extracellularly than was produced under aerobic cultivation conditions. E. coli isolates with plasmids p403-SD2 and p403-Rsal were examined also by fermentation in a large number of shake flasks, in order to get more information about expression levels and secretion profiles as functions of the level of nutrients in the medium. It was found that the yield of nuclease from the plasmid with the intact insert, p4O3-SD2, was greatly affected by growth conditions, such as the levels of Casamino Acids, Tryptone, and yeast extract, such that high levels gave higher yields. The yields varied from 200 to 5,500 U/ml, corresponding to 0.005 to 0.15 mg of nuclease per ml. E. coli with plasmid p403-Rsal generally gave lower yields, corresponding to 0.01 to 0.02 mg of nuclease per ml, and it was surprisingly found that Tryptone had a negative influence on yields. We also found that the amount of extracellular nuclease varied with growth conditions. Mostly the enzyme accumulated in the periplasm, but at the late stationary growth phase, the percentage of extracellular nuclease varied from 10 to 84% of the total amount produced for p403-SD2 and from 10 to 60% for p403-Rsal, depending on the composition of the medium, as indicated in Table 1 .
DISCUSSION
In this study, we have evaluated by fermentation the secretion of the enzyme nuclease by E. coli to yield more information about the understanding of possible regulatory mechanisms involved in the extracellular secretion of proteins from E. coli. Nuclease is secreted extracellularly by S. marcescens; this was demonstrated here by strain W280, which is a pleiotropic mutant of the wild-type strain W225. The gene used in our studies has been isolated from W225. The extracellular secretion was, however, delayed when S. marcescens additionally carried an artificial plasmid with the gene for nuclease, apparently because the increased synthesis caused a saturation of the export machinery. The presence of cell-bound nuclease activity has also been found by Ball et al. (3) when nuclease was overproduced in S. marcescens. The synthesis of nuclease was induced at the late exponential growth phase of the cells. The same growthphase-related production has been seen in the work of Nestle and Roberts (14) . The extracellular secretion of nuclease by E. coli was even more delayed than that by S. marcescens carrying a plasmid, but the synthesis was induced in the same way at the late exponential growth phase. When the noncoding region upstream of the nuclease gene was deleted, such as in plasmid p403-Rsal, the synthesis was not regulated but constitutive. Therefore, the genes involved in the regulation of induction must be located at the deleted region originating from S. marcescens. Without the regulatory region present, almost no extracellular secretion took place in E. coli.
Ball et al. (3) and Hines et al. (9) proposed that a regulatory gene is required for efficient expression of nuclease from its own promoter. In our studies, the regulated expression caused by the 0.4-kilobase-pair region upstream of the nuclease gene including the nuclease promoter resembles the effect of growth-phase-regulated genes of the family Enterobacteriaceae discussed in the studies of Atlung et al. (2) . The regulation is not induced by anaerobiosis, but anaerobiosis stimulates synthesis in the stationary growth phase, as was demonstrated by fermentation with a reduced oxygen supply. It is not clear whether the induction is directly related to the growth phase or is a result of catabolite repression by C sources, such as glucose. However, fermentations with MT102(p403-SD2) with an initial glucose concentration of 0.5% or 0.05% or with dosages of glucose did not alter the synthesis pattern of nuclease (P. K. Jepsen and K. Biedermann, unpublished data). It is possible that the (2).
The upstream region also had a regulatory effect on the expression levels of nuclease, which could be increased by varying the levels of the nutritional components in the medium. It is not clear how the regulatory gene affects the extracellular secretion, but certain cultivation conditions, such as high levels of Casamino Acids, caused the release of most of the periplasmic nuclease to the medium at the late stationary growth phase. In other conditions, such as low levels of Casamino Acids, this nuclease remained in the periplasm. If extracellular secretion can be affected by nutritional components, as was observed for the enzyme nuclease, it would have a great impact on the downstream processing of future rDNA products (4) .
So far, we have found that the noncoding DNA sequence upstream of the nuclease gene caused a growth-phaseregulated expression of nuclease, which can be revoked when the regulatory region is deleted. Furthermore, the amount of extracellular nuclease was under the influence of the regulatory gene. Future studies will show whether other genes or gene products are involved in the extracellular secretion. The transport across the outer membrane of E. coli may also be influenced by the hydrophobicity and conformation of the mature protein. It is likely that the extracellular enzymes of S. marcescens have structures which permit their translocation across the other membrane of S. marcescens and also of E. coli, unlike proteins originally destined for other cell compartments or membranes. However, the influence of cultivation conditions upon the conformation of the protein to be translocated and the morphology of the membrane may also play important roles.
